Abstract This paper presents the results of a modeling study on the formation of the Harang reversal (HR) during a steady magnetospheric convection event. The Harang reversal is identified as the boundary of the northward and southward electric field in the nightside auroral zone using the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) procedure. We simulate the event with the Rice Convection Model-Equilibrium (RCM-E) by adjusting its boundary conditions to approximately match Time History of Events and Macroscale Interactions during Substorms (THEMIS) and GOES observations in the nightside magnetosphere. Our results show that the HR is collocated with an upward region 1 field-aligned current, where converging ionospheric currents cause a southward/northward electric field on the poleward/equatorward side of the HR. Our results also indicate that the electric field reversal is slightly poleward of the ionospheric east-west current reversal and is to the northeast of the ground magnetic reversal, which is consistent with previous observations. We also test the sensitivity of the HR formation to a variety of parameters in the RCM-E simulations. We find that (1) the reduction of the flux tube entropy parameter PV 5/3 near the midnight sector plays a major role in the formation of the HR; (2) a run carried out assuming uniform conductance produced the same major features as the run with more realistic precipitation-enhanced conductance; and (3) the detailed pattern of the polar cap potential distribution plays a minor role, but its dawn-dusk asymmetry significantly controls the location of the HR with respect to midnight. The RCM-E simulations also predict PV 5/3 and flow distributions associated with the magnetospheric source of the HR in the plasma sheet, which can be further tested against observations.
Introduction
The Harang reversal (HR) was originally defined as the boundary between the positive and negative horizontal component of the ground magnetic field disturbance in the nightside auroral zone. It was named after Harang [1946] , who first discovered this feature. The reversal in the ground magnetic disturbance is thought to be associated with an eastward electrojet equatorward of a westward one. Therefore, observations revealing the reversal feature have been confirmed not only in the ground magnetogram data [Harang, 1946] but also in the electric field distributions [Koskinen and Pulkkinen, 1995] , plasma flows [Heppner, 1972] , and radar data [Zou et al., 2009] .
Although its occurrence has been reported in the postmidnight sector [Rodger et al., 1984] , the HR mostly emerges in the premidnight and midnight sector. Since its premidnight occurrence is statistically close to where the auroral substorm breakups are observed [Nielsen and Greenwald, 1979; Gjerloev et al., 2003; Weygand et al., 2008] , the HR has been thought to be related to the substorm onset process, although the physical mechanism of their relationship is unclear [Koskinen and Pulkkinen, 1995; Zou et al., 2009; Nishimura et al., 2010] .
Another reason for studying the HR is that it represents an interesting feature of magnetosphere-ionosphere coupling. There are different reports on the location of the HR with respect to the large-scale field-aligned currents (FACs). Kunkel et al. [1986] suggested that the HR is collocated with the region 1 FACs, while Zou et al. [2009] suggested that it is related to the region 2 FACs. Because the large-scale FACs that map to the plasma sheet and the inner magnetosphere are mainly associated with the pressure gradient [Vasyliunas, 1970] , the relationship between the HR and the FACs is closely related to the plasma distribution there. Two studies using the Rice Convection Model simulations have focused on this question. Erickson et al. [1991] showed that the dawnside reduction of energetic ions in the plasma sheet is responsible for an upward FAC, where the HR is produced. However, Gkioulidou et al. [2009] showed that the energy-dependent penetration of plasma plays a key role in the HR formation, which causes an overlapping of the upward and downward FACs in local time. Wolf [2009] pointed out that the latter mechanism relates the HR to the region 2 FACs while the former one suggests the HR is not a feature related to region 2 FACs.
In this paper, we address three questions: (1) What are spatial distributions of the ionospheric electric field and current system associated with the HR? (2) How does the HR form in the magnetosphere? (3) How are the magnetospheric signatures related to the HR in the ionosphere? The questions will be addressed through comparing the results from the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) procedure and a series of simulations with the Rice Convection Model-Equilibrium (RCM-E). We will only focus on the modeling of a steady magnetospheric convection (SMC) event.
The Harang Reversal in the AMIE Results

SMC Event Overview
The SMC event, as identified by Kissinger et al. [2012] , occurred on 25 May 2010, from 09:50 to 14:10 UT. It happened during a relatively steady southward IMF B Z interval with the AE index around 250 nT (Figure 1 ). During this interval, GOES 12 was on the dawnside and Time History of Events and Macroscale Interactions during Substorms (THEMIS)-P5 (A) [Angelopoulos, 2008] was in the midnight near-Earth plasma sheet moving inward ( Figure 2 ). As expected for an SMC event, no evident transient events (i.e., dipolarization or bursty flows) were registered in either GOES 12 or THEMIS-P5 (black lines in Figure 3 ). 
AMIE Results
The ionospheric electrodynamics of this event was modeled with AMIE [Richmond and Kamide, 1988] . The AMIE procedure is an optimally constrained, weighted least squares fit of a set of coefficients to a variety of groundand space-based observations to obtain "snapshots" of various ionospheric electrodynamic fields, such as global distributions of electric potential or plasma convection, ionospheric horizontal currents, and field-aligned currents at the top of the ionosphere. The AMIE inputs used in this study include DMSP ion drift and precipitation data, Super Dual Auroral Radar Network (SuperDARN) plasma flow data, and Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) magnetic field data, together with 185 ground magnetograms. Unfortunately, there were no DMSP passes in the premidnight sector during this event; nor did SuperDARN measurements and ground stations cover this region. Therefore, no direct observations of the HR were obtained. However, the convection reversal over that section could be indirectly inferred from the AMPERE magnetic field raw data, which show a reversal in the eastward magnetic field excursion. In this paper, the AMIE outputs are in a 10 min cadence, with a latitudinal resolution of 1.67°and a longitudinal resolution of 10°. The left column of Animation S1 in the supporting information is the AMIE results, which show the HR in the electric potential pattern from time to time. The HR emerges frequently in the premidnight sector from~21 to~00 MLT, though it occasionally extends to postmidnight sector. It is also clear that the HR is nearly always collocated within the upward region 1 FACs (blue color).
Modeling HR With the RCM-E
Setup of the Base Run
The RCM computes the adiabatic E × B and gradient/curvature drifts of plasma in the inner and middle magnetosphere and its coupling to the underlying ionosphere by using a multifluid representation of the plasma distribution . The model assumes slow flow and an isotropic pressure distribution along magnetic field lines. The electric field is calculated by solving the fundamental magnetosphere-ionosphere coupling equation [Vasyliunas, 1970] . The ionospheric conductances are estimated from the IRI-90 (International Reference Ionosphere) empirical ionospheric model plus enhancement due to electron precipitation, which is assumed to be at one third of the strong pitch angle scattering limit in the plasma sheet. The work of coupling the RCM with an equilibrium magnetic field solver [Lemon et al., 2003 ] augmented force-balanced magnetic field configurations into the model [e.g., Toffoletto et al., 2003; Lemon et al., 2004; Yang et al., 2010] . In this study, the periods between reequilibrating the magnetic field are the same for all different runs, which is every 10 min.
We use the equilibrium magnetic field solver to relax the empirical magnetic field model [Tsyganenko, 1989] and the plasma pressure model [Lemon et al., 2003] with Kp = 1 to equilibrium. The equilibrated configuration is used as the initial condition.
We first designed a base run, also called run #1. In this run, the plasma high-latitude boundary condition in the RCM is assumed to be a kappa (κ = 6) distribution for each species. It can be written as a spectrum of plasma flux tube content η as a function of energy invariant λ s ,
which is determined by TV 2/3 and PV
5/3
, where T and P are the plasma temperature and pressure and V is the flux volume. We further assume that the η distribution is time independent. In equation (1), TV 2/3 is set to the values from the initial conditions, i.e., T TM V init 2/3 for protons and T TM 3 V init 2/3 for electrons. Here V init is from the equilibrated configuration along the high-latitude boundary at the beginning of the simulation; the proton temperature T TM is given by the Tsyganenko and Mukai [2003] model, determined by the solar wind conditions at the start of the SMC event; the electron temperature T TM 3 is 1/3 of proton temperature [Artemyev et al., 2011] . The PV 5/3 for protons is given as below:
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where P TM is given by the Tsyganenko and Mukai [2003] model, φ is the local time angle in the ionosphere (0 at noon, π at midnight and 0.5π and 1.5π at the dusk and dawn terminators), subscripts w, e, and m represent west and east boundaries and midnight. Equation (2) value for electrons is 1/3 of that for protons, assuming the same ratio as the temperature and the same number density. The parameter c in equation (2) is a scaling constant. A larger c will generally yield larger plasma pressure and total pressure in the plasma sheet and a more stretched magnetic field configuration. Our results suggest that the simulation with c = 2 produces results that match with GOES 12 and THEMIS-P5 data reasonably well ( Figure 3 ). Figure 4 shows the PV 5/3 (protons and electrons combined) boundary condition used in this run #1. We emphasize that our purpose in this paper is not to search for the unique set of boundary conditions to best match the plasma sheet observations but to explore characteristic features in the boundary conditions that can produce the HR. We noticed that the emergence of the HR is not sensitive to the choice of the parameter c; instead, as it will be demonstrated, the reduction of PV 5/3 near the midnight sector plays a key role in the formation of the HR.
We use the electric potentials from the AMIE procedure to specify the electric potentials at the high-latitude boundary for the RCM-E run #1.
Base Run Results
Animation S1 compares the potential patterns and the FAC distributions in the ionosphere resulted from AMIE and RCM-E. Note that the RCM high-latitude boundary only extends to about 71°, poleward of which the FAC density is set to zero and the potentials are adapted from AMIE with slight differences due to numerical interpolation and the choice of the baseline. The most important results from the comparison of the AMIE procedure output and the RCM-E simulation results are (1) the HR frequently shows up in the premidnight sector in both models and (2) both models produce region 1 and region 2 FACs, with their average boundaries being at 68°in the nightside. However, obvious differences are also seen: (1) AMIE tends to produce a stronger penetration electric field toward mid latitude than the RCM-E results. RCM-E tends to produce better shielding effects; (2) the region 2 FACs in RCM-E are substantially thinner in latitude than those in AMIE. Note that it is not possible to compare the thickness of the region 1 FACs because RCM-E only models part of the region 1 FACs, from about 68°to the high-latitude boundary on the nightside.
A typical HR pattern is shown in Figure 5 for T = 11:10. In the ionosphere, the HR in the electric field has a local time extension of nearly 2 h in the premidnight sector. The reversal occurs at lower latitude as it moves eastward. The electric potentials are mapped in the equatorial plane along magnetic field lines assuming no field-aligned potential drops. The reversal in the potential electric field maps out to the premidnight plasma sheet with a radial distance of 9-15 R E (Figure 5d ). The region 2 FACs are associated with the inner edge of the plasma sheet [e.g., Vasyliunas, 1970; Wolf, 1974; Heelis et al., 1982] . The most interesting result is that the HR is clearly within the upward region 1 FAC (Figures 5c and 5d) , which is associated with the eastward reduction of PV 5/3 ( Figure 5e ) or P (Figure 5f ) in the plasma sheet. The FAC densities in the RCM-E are calculated using the Vasyliunas [1970] equation: In run #1, the gradient of PV 5/3 is directed duskward/dawnward on the west/east of the midnight minimum, generating upward/downward region 1 FACs. Because of the reduction in the distribution function, the plasma pressure P also shows a local minimum in the azimuthal direction. As indicated in Figure 5f , in the region tailward of~12 R E , the plasma pressure along one flux tube contour line is decreasing in the eastward direction in the premidnight sector, generating an upward region 1 FAC; while the pressure is increasing along a flux tube contour line in the postmidnight sector, thus generating a downward region 1 FAC. Figure 6a shows the electric field HR plotted in the ionosphere, which is defined as the reversal in the northsouth component of the electric field. Figure 6b shows the electric current HR, which is defined as the reversal in the east-west component of the horizontal ionospheric currents. As indicated by Figure 6d , the electric field and current HRs do not overlap. This is due to the nonzero westward Pedersen currents in that region, which displace the electric current HR (defined by its east-west component) more westward. If the Pedersen currents are zero, then the electric field and current HRs would exactly overlap. We also used a synthetic magnetogram code to calculate the ground magnetic disturbance [Ontiveros, 2009; Yang et al., 2012] . The green line in Figure 6c shows the reversal in the north-south component of magnetic field disturbance (ΔH), which is the magnetic HR, while the black line shows the reversal due to the horizontal currents only. (The magnetic field disturbance ΔB is calculated using the Biot-Savart law. Note that there is a theoretical inconsistency involved in computing ΔΒ that way. If the ΔB is from a current distribution J that is not divergence-free (i.e., the horizontal currents only), the curl of that ΔB is not equal to that current J.) Their difference is mainly due to the downward region 2 FACs in the dusk, which has a southward disturbance in ΔH in the premidnight sector. The magnetic HR (green line) is located westward and about 1~2°southward of the electric field HR (Figure 6d , red line), which is consistent with observations [Kamide and Vickrey, 1983] . The magnetic HR is also westward and southward of the electric current HR. This is because there are upward region 1 FACs located mainly eastward of the electric current HR and downward 
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Region 2 FACs located mainly westward of it. The magnetic disturbance due to these FACs is mainly southward around the electric current HR, which shifts the magnetic HR (defined by its north-south magnetic component) more westward than that if the FACs magnetic field effects were neglected.
Comparison of RCM-E Simulation Results
In order to investigate the relative importance of different factors in the formation of the HR, we carefully design a series of RCM-E runs. This section is devoted to the intercomparison of various RCM-E simulations. Figure 7 shows the results of RCM-E run #2, which uses the same initial and electric boundary conditions as run #1, but only applies an eastward reduction of PV 5/3 in the plasma boundary condition, so that PV 5/3 ≤ ( PV
5/3
) m east of midnight. Run #2 shows the HR forming in the premidnight sector within the upward region 1 FACs, similar to run #1. However, run #2 does not produce the downward region 1 FACs in the postmidnight sector, because the PV 5/3 there is nearly flat (Figure 7e ). Figure 8 shows results of RCM-E run #3. It applies AMIE electric distribution to the high-latitude boundary as run #1 but uses a uniform PV 5/3 plasma boundary condition. The modeled FACs and potential patterns at T = 11:10 are very different from the first two runs. First, there is no HR in the auroral zone. Second, the FACs are confined to a very narrow region in latitude. There is a nearly FAC-free region that maps to tailward of 10 R E in the equatorial magnetosphere. The FAC-free region is a typical feature in the RCM when uniform PV 5/3 boundary condition is applied, since it implies zero gradient of PV 5/3 in the most part of the plasma sheet and thus zero-FAC according to equation (3) upward FACs poleward of the downward FACs in the premidnight sector (blue in Figure 8c ) are associated with the magnetic field stretching [Yang et al., 2013] . Figure 9 shows the RCM-E run #4, which applies the same initial and boundary conditions as run #1, but uses uniform Pedersen and Hall conductances (5 S per hemisphere). For this run, the HR and the FACs distributions are qualitatively similar to run #1. Figure 10 compares the RCM-E run #1 results, which use AMIE electric potentials for the RCM boundary condition, with three other RCM-E runs which use highly simplified empirical functions for electric boundary conditions. Their initial and plasma boundary conditions are the same. We assume the empirical functions of potentials in a form of CPCP 2 sin φ þ φ 0 ð Þ . Here the cross-polar-cap potential (CPCP) drop was calculated from Siscoe et al. [2002; see Zhang et al., 2009, equation (12)], φ is the local time angle, and φ 0 is a constant to rotate the potential pattern, which is set to π/12, Àπ/12, and 0 for runs #5, #6, and #7, respectively. In the RCM-E, we also assume that the Northern and Southern Hemispheres are symmetric, which is a reasonable approximation for this event, because the IMF B Y (Figure 1 ) is relatively small. All the three runs show similar region 1 and region 2 FACs patterns as run #1, because the same PV 5/3 distribution with a midnight minimum is used along the boundary. Similar to run #1, run #5 also reproduces an electric HR ( Figure 10b ) and a magnetic HR (Figure 11b ) in the premidnight sector within an upward region 1 FAC, suggesting that the detailed potential pattern in the polar cap does not play a major role in the HR formation. It is particularly interesting that when the potential pattern is dusk-dawn symmetric in the polar cap in run #7 or rotated counterclockwise by 1 h in run #6, an electric reversal emerges in the midnight to postmidnight sector within downward region 1 FACs. Run #6 also produces a magnetic reversal which is mostly located in the postmidnight sector, while the magnetic reversal in run #7 is still located in the premidnight sector ( Figure 11 ). Heppner [1972] found that the principal feature of a HR is that the reversal in ΔH occurs at different local times as a function of latitude, which is typically shown as the solid lines in Figures 11a and 11b . The ΔH = 0 contour line moves equatorward toward later local times. The reversal in Figures 10c, 10d, 11c , and 11d may also be called the HR. However, (1) the orientation of the reversal lines in Figures 10c, 10d, 11c , 
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and 11d is different from Figures 10a, 10b , 11a, and 11b, e.g., they move equatorward for earlier local times; (2) the whole HR line moves toward postmidnight sector.
Discussion
Mechanism for the Harang Reversal Formation
The mechanisms of the HR formation during steady convection conditions have been studied in previous RCM simulations by Erickson et al. [1991] and Gkioulidou et al. [2009] . Their key inputs and outputs are compiled together with our AMIE modeling and RCM-E simulations in Table 1 . The comparison indicates two different mechanisms for the formation of the HR. One mechanism is proposed by Gkioulidou et al. [2009] , who found that the energy-dependent penetration of plasma results in an overlap of upward and downward region 2 FACs at the same local time. Therefore, in their mechanism, the HR is a feature related to the region 2 FACs. Zou et al. [2009] showed that the HR observed during substorm events is related to the region 2 FACs, which suggests that the Gkioulidou et al. mechanism was operating for those events. In this paper, Gkioulidou et al. mechanism was not explicitly explored, but the underlying energy-dependent drift physics was included in the RCM-E. We believe that the HR was not related to the region 2 FACs in our simulation because the Gkioulidou et al. mechanism was weak for this event, while the mechanism to be discussed in the next paragraph is more powerful in producing the HR.
The other mechanism relates the HR with the region 1 FACs, which operates in both Erickson et al. [1991] and in some of our RCM-E simulations. This mechanism is associated with the nonzero gradient of PV 5/3 in the is produced. This mechanism can be further divided into two subcategories. The first subcategory suggests that a sufficiently strong region 1 upward FAC will cause converging electric fields to point toward the center of that FAC, making the electric field directed equatorward on the poleward side and directed poleward on the equatorward side. That upward FAC is driven by the eastward reduction of PV 5/3 , and closed by the drift current in the plasma sheet. This subcategory includes Erickson et al. [1991, Figure 12] and run #2 which implement eastward reduction of PV 5/3 from pre midnight to dawn, and runs #1, #4, and #5, which implement eastward reduction of PV 5/3 from premidnight to midnight and a recovery of PV 5/3 after midnight. Runs #1, #4, and #5 are more consistent with AMIE results than the Erickson et al. [1991] results and run #2, because they also generate a downward region 1 FAC. The second subcategory suggests that sufficiently strong the downward region 1 FAC will cause diverging electric fields point away from the center of that FAC, making the electric field directed poleward on the poleward side and directed equatorward on the equatorward side. The downward region 1 FAC is generated by the eastward increase of PV 5/3 in the post midnight sector. Our runs #6 and #7 fall into this subcategory. The difference of the two subcategories is due to the azimuthal rotation of the polar cap potential distribution with respect to the local minimum of PV 5/3 (Figures 10 and 11) . Statistically, the potential pattern in the polar cap in the Northern
Hemisphere is rotated clockwise by about 1 h in local time [Heppner and Maynard, 1987] due to the IMF B Y effect [Cowley, 1981] . This is likely the reason why the average location of the HR is in the premidnight sector in the Northern Hemisphere [Heppner and Maynard, 1987] . In addition, Rodger et al. [1984] showed that increasing negative IMF B Y values and presumably increasing counter-clockwise rotation in potential pattern displace the HR toward later local times, as confirmed in Figures 10 and 11 . Our RCM-E simulations also suggest that the polar cap potential rotation can affect the HR orientation, e.g., it may extend more equatorward in the earlier local times in subcategory two, contrary to the conventional picture in subcategory one.
It is worth pointing out that a HR may also form during bubble injections, which represents a more transient type of convection [Yang et al., 2012] .
Magnetospheric Signatures Associated With the Harang Reversal
We have identified two magnetospheric signatures associated with the HR which is formed through our proposed mechanism related to region 1 FACs. It is important to note that these two signatures are necessary Electric Potential Boundary but may not be sufficient conditions for the formation of the HR. In principle, they can be measured or estimated in the plasma sheet and thus can be tested against data in future studies.
The first signature is the azimuthal variation of PV 5/3 in the plasma sheet between about 9 and 15 R E (Figures 12a and 12b) . We have shown that either the eastward reduction of PV 5/3 in the premidnight sector (runs #1, #4, and #5) or the eastward increase of PV 5/3 in the postmidnight sector (runs #6 and #7) can drive the region 1 FACs and thus form the HR. One can estimate the gradient of PV 5/3 using the empirical model constructed by Wolf et al. [2006] , if plasma and magnetic field measurements at different locations are available simultaneously. The local minimum of PV 5/3 centered around midnight, which is a favorable distribution for the HR formation in our simulations, has been established by Stephens et al. [2013] for other SMC events.
The second signature is the reversal of plasma flow in the equatorial plane. Figure 12c shows that, for run #1, the sum of E × B and proton diamagnetic drift turns from dawnward to duskward in the premidnight plasma sheet where the HR maps. However, the flow is consistently duskward in run #3, in which no HR is produced (Figure 12d) . Again, such flow pattern can be validated by multispacecraft near the center of the neutral sheet. Unfortunately, this flow reversal pattern in the equatorial plane could not be verified for this SMC event, because the only available plasma sheet observations were from THEMIS-P3, P4, and P5, which were too close to each other.
Summary
In this paper, we investigated the formation of the HR during an SMC event that occurred on 25 May 2010. The HR is identified in the 2-D ionospheric electric potentials from the AMIE procedure. We started with an RCM-E simulation by adjusting its boundary conditions to approximately match THEMIS and GOES observations in the nightside magnetosphere. We then varied the conductance models, plasma, and electric boundary conditions in the RCM-E to explore their relative roles in the HR formation. The conclusions are summarized below: 1. The gradient of PV 5/3 in the middle plasma sheet plays a major role in the HR formation. The HR in this SMC event is collocated with an upward region 1 FAC, which is related to an eastward reduction of the flux tube entropy parameter PV 5/3 near the midnight.
2. The detailed pattern of the polar cap potential distribution only plays a minor role. However, the local time position and orientation of the HR are primarily controlled by the dawn-dusk asymmetry of the polar cap potentials. 3. A run carried out assuming uniform conductance produced nearly the same HR as the run with more realistic precipitation-enhanced conductance. 4. The RCM-E simulations also suggest that the HR that is related to the region 1 FACs could be accompanied with two observable signatures in the plasma sheet, i.e., an eastward reduction in PV 5/3 and a plasma flow reversal in the premidnight sector.
